We report on the optical limiting (OL) in stable aqueous suspensions of detonation nanodiamond (ND) clusters with average size of 50, 110, and 320 nm. The nanosecond Z-scan measurements at wavelength of 532 nm revealed that the larger the cluster size, the better the OL performance and the higher the ray stability of the ND suspension. Our analysis showed that the nonlinear scattering and the nonlinear absorption are the dominant mechanisms of OL in aqueous ND suspensions.
Introduction
Optical limiting (OL) manifests itself as a reduction of the transmittance when the input fluence increases [1] . This nonlinear optical phenomenon is used in optical limiters, devices capable to protect sensitive optical components or human eyes from laser radiation [2] as well as to control the temporal profile of laser pulses [3] . The most important requirements for the optical limiters are a wide spectrum range and short response time [4] . That is why nanocarbon materials, which have a strong and broadband absorption in the visual and infrared spectrum range, are recently considered as most promising for the OL applications [5] . Among these materials are carbon black [6] , graphite [7] , carbon nanotubes (CNT) [8] , onion-like carbon (OLC) [9] , and nanodiamonds (NDs) [10] , however in the last decade, the most attention has been attracted to aqueous suspensions of carbon black and CNT [6, 8, [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . It has been shown that in CNT and carbon black suspensions, the major mechanism of the OL is nonlinear scattering on microplasma and vapor bubbles created in water surrounding carbon nanoparticles [15, 19] . However, these suspensions usually survive for not longer than a few hours [21] , unless they did undergo a complex chemical processing [22] . OLC suspensions are also unstable with respect to sedimentation and have low ray stability [23] . For example, the light-induced chemical reaction results in irreversible bleaching [23] of OLC suspensions in N, N-dimethylformamide at high fluence [24] . In contrary, it has been shown that detonation ND can be modified to form aqueous suspensions, which are stable with respect to sedimentation [25] and irradiation with high fluence laser beams [10] . This makes ND aqueous suspensions attractive material for OL applications.
In this paper, we investigate relative contributions of nonlinear refraction, nonlinear absorption, and nonlinear scattering to OL in aqueous suspensions of ND clusters with the size of 50, 110, and 320 nm. We demonstrate that these suspensions possess high ray stability and are capable of limiting high fluence laser radiation for a long time without changing their nonlinear optical properties.
Methods and Materials
The ND clusters were manufactured using commercially available RDDM NDs [26] , which were suspended in deionized water by ultrasonication. In order to remove surface impurities the ND clusters were treated in NaCl solution at atmospheric pressure and room temperature [27] . Such a treatment significantly improves the stability of ND suspensions with respect to sedimentation [26] . The chemical-physical properties obtained ND were discussed in [26, 28] . The x-ray diffraction pattern and high-resolution transmission electron microscopy image of the ND are shown in Figs. 1(a) and 1(b) , respectively.
The ND clusters were separated in size by centrifugation (Avanti J-E Centrifuge, Beckman Coulter). Size distribution and zeta (electrokinetic) potential of NDs at a temperature of 25°C were estimated, by the dynamic light scattering technique using a Malvern Zetasizer Nano ZS particle size analyzer. We prepared aqueous suspensions containing ND clusters with the average size of 50, 110, and 320 nm (see Table 1 ). The polydispersity index (PDI), characterizing the width of the particle size distribution of the suspensions, is given in Table 1 . All three suspensions possess a high colloidal stability. For example, 3 wt. % suspension with average ND cluster size of 50 nm has not developed sediment after three years. In all obtained suspensions, the zeta potential, a quantitative measure of the colloidal stability [29] , is above 30 mV. This indicates that the repulsion between adjacent ND clusters in suspension is strong enough to resist aggregation.
In the experiments, we studied OL in 0.03 wt. % aqueous ND suspensions with average cluster size of 50, 110, and 320 nm, which will be hereafter referred to as S, M, and L samples. The thickness of all samples was 1.06 mm. Figure 2 shows wavelength dependence of the optical density of these samples in the spectrum range of 250-850 nm. One can observe that the bigger the ND cluster size, the higher the optical density. This is mainly because of stronger scattering from the particles of bigger sizes. At wavelength of 532 nm, the transmittances of the S, M, and L samples are 0.87, 0.73, and 0.54, respectively.
Experimental Technique
In the OL experiment (see Fig. 3 ), we employed TEM 00 mode (M 2 1) of a single-frequency Nd 3 :YAG laser with passive Q-switching by an LiFF − 2 crystal with frequency converter on a KTP crystal [30] . The pulse duration and the repetition rate of 532 nm pulses were 17 ns and 1 Hz, respectively. The vertically polarized laser beam was focused into the edge of the sample by a lens with a focal length of 100 mm. Measured by the scanning knife edge method (see e.g., [31] ), the diameter of the beam waist was 70 3 μm at 1∕e 2 intensity level. The incident fluence was controlled by rotating the half-wave plate.
The OL in ND suspensions were investigated by the nonlinear transmittance and Z-scan measurements. The energies of the incident, transmitted and scattered at 90°pulses were detected simultaneously by photodetectors (detectors A, B, and C, respectively, in Fig. 3 ). In order to block radiation scattered from interior and exterior walls of the cell two slit-like apertures were used. The first aperture was placed directly on the lateral side of the cell, while the second one was situated at some distance from it. The short focus lens between the detector C and the second aperture allowed us to collect light scattered at 90°in the focal region. In the Z-scan measurements, the sample and detector C were moved along the beam axis enabling simultaneous detection of the transmitted and scattered at 90°en-ergy as a function of sample position.
Results and Discussion
In the nonlinear transmittance measurements, we varied the incident fluence by rotating the half-wave plate from 0°to 45°(see One can see from Fig. 4 (a) that in DW, W out ∕W in const:, while in the ND suspensions, W out → const at W in → ∞, i.e., increasing of W in results in OL.
The dependence of the output fluence (W out ) on input fluence (W in ) shown in Fig. 4(a) can be approximated by the following function: Fig. 4(a) . It is worth noting that the fitting results well correspond to the measured linear transmittance at 532 nm for the S, M, and L samples (0.87, 0.73, and 0.54, respectively). Equation (1) allows us to calculate the saturation level W out;sat T 0 W t of the output fluence for the S, M, and L samples as 2.3, 0.7, and 0.3 J∕cm 2 , correspondingly. Sample S, containing the smaller particles has the highest value of the output saturation fluence. Table 1 shows the OL threshold, which is defined as the input fluence W in;th , at which transmittance is halved [4, 12, 32, 33] , i.e., W out;th ∕W in;th T 0 ∕2. At higher input fluences the transmittance (see inset to Fig. 4 ) rapidly decreases due to strong optical nonlinearity of the ND suspensions.
It is clear from Figs. 4(a) and 4(b) that in all studied samples, the OL at 532 nm is accompanied by the nonlinear light scattering, which may be caused by the formation of microplasma in the focal area [5] . It is worth noting that in contrast to OL in carbon black [6] and CNT suspensions [8] , we observed no vapor bubbles in our experiments. Figure 5 shows the energy of normalized scattered pulses as a function of the input fluence (W in ) in the linear and logarithmic (inset) scales for samples with cluster size of 110 and 320 nm.
The experimental data are fitted (solid lines in Fig. 5 ) by the following bi-exponential function:
where A S1 
where B is proportional to the linear scattering cross section at 90°. By comparing results for M and L samples, one can obtain B L ∕B M 1.35, i.e., the bigger the ND cluster size, the bigger the linear scattering cross section. At high input fluence, W in ≫ W S1 , W S2 , the energy of the scattered pulse is also a linear function of W in ,
However nonlinear scattering results in the increase of the slope in comparison with Eq. (2b). The bi-exponential dependence of the scattering cross-section on the input fluence indicates that several mechanisms of the nonlinearity are responsible for the observed effect. The fitting presented in
Figs. 4 and 5 shows that the A S1 and W S1 have a moderate dependence on the cluster size. This experimental finding may indicate that the first mechanism of the nonlinearity is associated with material rather than size of the cluster. In contrast, W S2 for the M sample is much higher than that for L sample, i.e., the second mechanism of the nonlinear scattering is dominates for large ND clusters. In our experimental conditions, W in ≪ W S2 for the M sample. That is for ND clusters with size of 110 nm, the first mechanism dominate the nonlinear scattering, while the second mechanism manifests itself only for ND clusters with size of 320 nm. Importantly however that at the input fluence off W in < 6 J∕cm 2 , we did not achieve saturation regime described by Eq. (2c).
In order to reveal the nonlinear refraction contribution to the OL in ND suspensions, we employed the closed-aperture Z-scan technique [34] . The sample M was placed in the vicinity of the focal point of the lens with focus distance of 100 mm. The 2.2 mm aperture with transmittance of 30% (S 0.30) was placed between the signal detector B and the focusing lens at the distance of 360 mm (∼50Z 0 , where Z 0 is the Rayleigh length) from the beam waist. The measurements were carried out at the laser pulse energy of 30 μJ. The incident fluence of 0.78 J∕cm 2 is well below the damage threshold of nanocarbon suspensions in nanosecond regime [8, 19] . The measured transmittance as a function of the sample position with respect to the focal point is shown in Fig. 6 . One can see that when the sample was situated at the focal point (z 0), the normalized transmittance decreases by less than 20%. At jzj < 20 mm the transmittance remains an even function of the z indicating that nonlinear refraction is negligible [35] [36] [37] . It is worth noting that the same result has been obtained for the OL in CNT suspensions [21] . It must be pointed out that at z > 30 mm (the sample is situated between focal point and the aperture) the transmittance is slightly higher than that at z < −30 mm (the sample is situated between focal point and the lens) because of the linear scattering in the ND suspension. Figure 7 represents the transmittance (a) and the energy of scattered pulses (b) of the M sample measured at the same input pulse energy of E in 30 μJ in the open-aperture Z-scan experiment. It can be seen that although transmittance dip at z 0 does not exceed 25%, the peak of the nonlinear scattering is also observed indicating that OL originates from the nonlinear scattering.
In order to estimate the contribution of the nonlinear absorption to the OL at high input energy we performed the open-aperture Z-scan measurements [22] at E in 160 μJ. In the experiment, the energies of the transmitted (E out ) and scattered at 90°pulses (E S ) were measured simultaneously. The measured transmittance Tz E out ∕E in and relative number of the scattered photons Qz E S ∕E in for the M sample are shown in Fig. 8 as functions of z. It is clear from Fig. 8(a) that Tz has a minimum at z 0 resembling the results of the closed-aperture Z-scan measurements at E in 30 μJ (see Fig. 6 ). In the open-aperture configuration, the transmittance for the M sample is well approximated by the following function:
where T 0 0.74 is the linear transmittance, a 0.62, b 4.08 mm, and c 2.41 [solid line in Fig. 8(a) ]. In Z-scan experiments both linear and nonlinear scattering influences the transmittance. However, the relative number of photons originated from the linear Rayleigh and Tyndall scattering at solid angle 4π does not depend on the incident fluence and hence on the sample position z, while that originated from the nonlinear scattering does. That is Qz can be presented in the following form:
where Q l and Q n z describes the linear and nonlinear scattering, respectively. Therefore Q n z can be obtained by subtracting the z-independent background (i.e., Q l ) from the measured Qz. It can be seen from Figs. 8(a) and 8(b) that in ND suspensions, both the minimum transmittance and the maximum scattering occur at z 0, i.e., when the input fluence is maximum. This clearly indicates that nonlinear scattering essentially influences the OL. In order to estimate the relative contributions of the nonlinear absorption and the nonlinear scattering one can employ the energy considerations. Specifically, the energy balance in the process of the light-matter interaction can be presented by the following equation:
where T, A, S, and R are relative (with respect to the incident pulse) number of transmitted, absorbed, scattered, and reflected photons, respectively. One may expect that the relative number of the scattered in the 4π solid angle photons is proportional to the Qz:
where k is a constant that depends on the geometry of the experiment. The relative number of reflected photons is mainly determined by Fresnel reflection coefficients, while Az A l A n z;
where A l and A n z are linear and nonlinear absorbance.
Since at jzj > 10 mm the nonlinear absorption and nonlinear scattering are negligible, the energy balance Eq. (5a) reduces down to the following:
where T 0 0.74 is a linear transmittance for the M sample [see Fig. 8(a) ]. By subtracting Eq. (5d) from Eq. (5a) we arrive at the following equation:
By using Eq. (5a) this equation can be rewritten in the following form:
Our results on the OL originated pulse shaping in the CNT suspensions [22] suggest that in the vicinity of z 0 the number of nonlinear scattered photons essentially exceed the number of absorbed photons. Therefore we can estimate A n z by assuming A n z 0 0 in Eq. (7) and by using Tz and Qz presented in Figs. 8(a) and 8(b) , respectively. The calculated A n z is presented in Fig. 8(c) . One can see that the nonlinear absorption of M sample essentially depends on z reaching 25% at z 4 mm. Thus, the relative contribution of the nonlinear absorption and the nonlinear scattering essentially depends on the sample position, i.e., on the incident fluence.
In order to investigate the effect on the laser irradiation on the OL performance of ND, L, M, and S samples were exposed to 8000 laser focused pulses with energy 134 20 μJ and a repetition rate of 1 Hz. In the experiment, the laser beam was focused to the same region for more than two hours, however no visible changes after this exposure were observed for all examples. Figure 9 presents the transmittance Tz 0 and energy of scattered pulses as functions of number of laser pulses. It is clear from Fig. 9 that the nonlinear transmittance of the L sample after exposure to 8000 laser pulses remains the same within the experimental error. The transmittance of the M and S samples increases from its initial value up to 8 and 20%, respectively. In the S sample, the increase of the transmittance is accompanied by a decrease of the energy scattered at 90°[see Fig. 9(b) ]. These experimental findings indicate that in M and S samples, ND clusters were modified under laser irradiation.
Such a modification may be associated with removing an amorphous carbon from the ND clusters via laser-induced chemical reaction of carbon with water C H 2 O → CO H 2 [38] , or with oxygen absorbed on the surface of ND particles C O 2 → CO 2 [39] . These processes are suppressed in L sample, which contains bigger particles.
Conclusion
In conclusion, we observed the OL of nanosecond laser pulses at 532 nm in stable suspensions of detonation ND dispersed in DW. In all samples, OL originates from the nonlinear absorption and the nonlinear scattering rather than from the nonlinear refraction. The relative contribution of the nonlinear scattering and the nonlinear absorption essentially depends on the incident fluence.
We have recently demonstrated [22, 40] that in CNT suspensions, the nonlinear scattering cuts off the tail of the incident pulse thus reducing the transmittance when the cell approaching the beam waist. Similar phenomenon we observed in the ND suspensions. Thus, stable aqueous suspensions of ND can also be used for a smooth adjustment of the nanosecond laser pulses duration. The OL threshold decreases with increasing the average size of the ND clusters. Nanoparticles with average size 320 nm show better OL performance compared to 50 nm in the high fluence region and are capable of absorbing laser pulses with power density about 0.2 GW∕cm 2 for a long time without changing their nonlinear optical properties. Our experimental findings indicate that NDs are advanced nanocarbon materials capable for limiting high intensity laser beams. This work was supported by the Ural Branch of RAS (Project No. 12-C-1-1003) and FP7 Marie Curie projects CACOMEL and FANCEE.
